The occurrence of internal browning (IB) was more frequent in sublimed sulfur applications at the levels of 0 and/or 10 g·m −2 ; however, an increase in the severity of IB symptoms was not nearly so marked when sublimed sulfur was applied, approximately at the level of 30 g·m
Introduction
It was well known that thermal conditions above the optimum range often result in a pronounced increase of enzymes associated with polyphenol biosynthesis, stimulating the induction of internal browning (IB) formation in Raphanus roots (Fukuoka and Enomoto, 1996) . Regarding this phenomenon, the authors Enomoto, 2001, 2002) considered that increased rates of intracellular generation of H 2 O 2 occur in roots exposed to heat stress in the later growth period owing to a lowered regeneration system in the ascorbateglutathione cycle and active oxygen species in the tissue region participating in H 2 O 2 -scavenging systems coupled with polyphenol biosynthesis because toxic active oxygen species cause irreversible damage to the cell.
In Raphanus roots, sulfur application in soil is known to prevent IB occurrence (Kawai et al., 1995) . Ishii and Saijo (1987) reported that isothiocyanate (ITC) content in Raphanus roots increased with the application of a greater amount of sulfur. In shredded cabbage, ITC was thought to suppress browning by affecting both L-phenylalanine ammonia-lyase (PAL) and polyphenol oxidase (PPO) (Nagata, 1996) . On the other hand, our previous reports Enomoto, 2001, 2002) revealed that the protective effect of ITC against tissue browning in Raphanus roots is not nearly so marked; however, detailed observations of the inhibitory mechanism of sulfur application on IB occurrence in Raphanus root have not been made. In this paper, we attempted to demonstrate that the suppressive effect of sulfur application on IB occurrence was largely dependent on the H 2 O 2 -scavenging system via the ascorbate-glutathione cycle.
Materials and Methods

Plant material and culture condition
Seeds of Raphanus sativus L. 'Fukutenka' were sown on 4 August 1999 in the field of the experimental farm of Ishikawa Sand Dune Agricultural Experimental Station, Japan. To examine the effect of sulfur contents in soil on the IB occurrence, three levels of sublimed sulfur consisting of 0, 10, and 30 g·m −2 were applied on 3 August. At 14 days after sowing (DAS), plants were thinned to one at each sowing point, leaving six uniform plants per square meter. Sixty g·m −2 of dolomite and 19 g·m −2 of N, P 2 O 5 , and K 2 O and 60 g·m −2 of micro elemental manure containing 0.4% Mn, 0.3% B, 1.2% 306 Fe, and 0.03% Cu were applied in early August. Plant growth and the severity of IB were determined at 40, 60, and 75 DAS. To measure IB, roots were cut lengthwise at the central axis and the degree of browning was classified by visual inspection into five categories: none, slight, little, moderate, and severe discoloration. For each sampling date, there were 30 replications. Enzyme activity was investigated using roots sampled at 75 DAS.
Enzyme assays
PAL activity was measured as described by Cano et al. (1990) . To determine PAL activity, 0.1 g of polyvinylpolypyrrolidone was added to about 1 g of the sample and homogenized in 5 mL of 100 mM borate buffer (pH 8.8). The homogenate was centrifuged at 10000 × g for 30 min at 4°C. The reaction mixture consisted of 1 mL of the crude extract and 1 mL of 50 mM borate buffer (pH 8.8) containing L-phenylalanine (20 mM) and was incubated at 30°C for 30 min. PAL activity was assayed by measuring the increase in absorbance of trans-cinnamic acid at 270 nm.
PPO activity was assayed by the method by Koukol and Conn (1961) . About 1 g of the sample added to 0.1 g of polyvinylpolypyrrolidone was homogenized in 5 mL of 50 mM phosphate buffer (pH 7.0). The homogenate was centrifuged as described above, and the supernatant was used as a crude extract. PPO activity was assayed in a reaction mixture (2.1 mL) containing 50 mM Hepes buffer (pH 7.5), 1% cathecol solution and crude enzyme solution by measuring the increase in absorbance at 420 nm at 30°C.
To determine enzyme activities of ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), and glutathione reductase (GSHR), about 1 g of the sample was homogenized in 9 mL of 100 mM phosphate buffer (pH 7.5) containing 10 mM cysteine. The homogenate was centrifuged at 10000 × g for 30 min at 4°C and the supernatant was used as a crude solution (Fukuoka and Enomoto, 2001) . APX activity was assayed at 25°C in 2.5 mL of reaction mixture containing 50 mM phosphate buffer (pH 6.0), 0.1 mM ethylene diaminetetraacetic acid (EDTA), 0.5 mM ascorbic acid (AsA), 0.1 mM H 2 O 2 , and crude enzyme solution (Beer and Sizer, 1952) . The oxidation of AsA was followed by a decrease in absorbance at 290 nm. DHAR activity was assayed in a reaction mixture (2.5 mL) containing 100 mM phosphate buffer (pH 7.0), 0.5 mM dehydroascorbic acid (DAsA), 0.5 mM reduced glutathione, and crude enzyme solution. The reduction of dehydroascorbic acid was followed by a increase in absorbance at 290 nm at 25°C. GSHR activity was assayed in 2.5 mL of reaction mixture containing 100 mM phosphate buffer (pH 7.2), 0.1 mM NADPH, 0.5 mM oxidized glutathione and crude enzyme solution. The reaction was monitored by measuring the decrease in absorbance of NADPH at 340 nm at 25°C. Measurements of DHAR and GSHR activities were modified by the methods of Foyer and Halliwell (1997) and Racker (1955) , respectively.
Results and Discussion
Root growth is not affected by sulfur application in soil (Table 1 ). There were no statistical differences of root weight among experimental plots. The effect of sulfur application on the occurrence of IB is summarized in Table 2 . The severity of IB in the control and 10 g·m −2 sulfur application plot became more pronounced as roots matured and roots with severe browning at 75 DAS reached 35% and 25%, respectively. On the other hand, in roots in the 30 g·m −2 sulfur application plot, the central region appeared not to possess the propensity to develop IB and only 5% of roots exhibited severe browning. Ishii (1991) reported that sulfate ion was incorporated into the basic structure of glucosinolate, and ITC contents were increased with the application of a greater amount of sulfate in the nutrient solution. According to Kawai et al. (1995) , sulfur application in soil prevented Raphanus roots from IB symptoms. In this phenomenon, they considered that the increase of ITC content caused by supplemented of sulfate ion suppressed browning through the inhibition of enzyme activities involved in polyphenol synthesis and oxidation. In shredded cabbage, it is known that exogenously applied allyl isothiocyanate (AITC) suppressed browning and that the inhibitory mechanism of AITC on browning was due to inhibition by AITC of the increases in PAL and PPO activities (Nagata, 1996) . In this experiment, as shown in Figure 1 , there were no statistical differences of PAL activity between the 10 g·m −2 and 30 g·m −2 sulfur application plots; however, typical PAL induction occurred in the control plot. A higher level of PPO activity was detected in roots sampled from the control plot as compared with the sulfur application plots, and the lowest activity of PPO was detected in roots of the 30 g·m −2 sulfur application plot. Our previous report (Fukuoka and Enomoto, 2001 ) revealed that a larger amount of ITC content was detected in roots exhibiting IB formation and an increase in the severity of IB symptoms was accompanied by related increases in PAL and PPO activities. Furthermore, an experiment in which several radish cultivars were sown in mid.-summer showed that heat stress during the later growth period promoted more ITC accumulation in the roots of the susceptible cultivar than in the resistant cultivar, and this accumulation coincided with the induction of PAL and PPO (Fukuoka and Enomoto, 2002) . Thus, we consider that increased production of ITC in the tissue region caused by sulfur application do not fulfill the requirements for IB occurrence, and that other biochemical changes are closely correlated with this phenomenon.
The present experimental results revealed that both the activity of APX and GSHR was found to be enhanced with increasing application of sulfur to soil (Fig. 2) . In particular, the activities of GSHR in the control were about four times lower than in the 30 g·m −2 sulfur application plot. There were no statistical differences of DHAR activities in the experimental plot; however, the profiles of the changes in activities of this enzyme also exhibited an identical pattern. The ascorbate-glutathione cycle is known to involve the successive oxidation and re-reduction of ascorbate, glutathione and NADPH by enzymes such as APX, DHAR, GSHR, and the rapid regeneration of ascorbate by this cycle is an absolute necessity because ascorbate irreversibly converts to oxalic acid and so on with rapid loss (Foyer et al., 1991) . Table 2 . Effect of the amount of sulfur application on the occurrence of internal browning.
Internal browning is classified into five types according to the degree of severity. z DAS: days after sowing. APX catalyses the ascorbate-dependent reduction of Baisak et al., 1994) . The product of this reaction, dehydroascorbate, is then reduced to ascorbate by glutathione-dependent DHAR (Foyer and Halliwell, 1977) . Glutathione is regenerated by NADPH-dependent GSHR (Halliwell, 1984) . Overall, this system reduces H 2 O 2 to water using NADPH, ascorbate and glutathione. Fukuoka and Enomoto (2001) reported that the decrease of GSHR activity greatly damaged the function of the ascorbate-glutathione cycle in Raphanus roots. In higher plants, detailed observation of the correlation between sulfur nutrition and the ascorbate-glutathione cycle, especially in relation to GSHR activity, has not yet been studied; however, oxidized glutathione is known to convert allyl glutathionyl dithiocarbamate in the presence of ITC and excessive addition of ITC resulted in the production of reduced glutathione to some extent (Kawakishi, 1985) . Thus, it may be considered that increased content of sulfate ion resulting from sulfur application in soil affects the function of the ascorbateglutathione cycle in Raphanus roots. Our previous reports Enomoto, 2001, 2002) revealed that GSHR activity in Raphanus roots decreased concomitant with tissue browning. This is thought to support the following assumption that the ascorbate-glutathione cycle cannot be operated smoothly in roots suffering from IB. Since, in this case, the induction of both PPO and PAL was observed in connection with a lowered regeneration system coupled with the ascorbate-glutathione cycle, we considered that the detoxification of active oxygen by polyphenol biosynthesis instead of the damaged ascorbateglutathione cycle was operating. Accordingly, triplet and/or singlet state molecular oxygen is metabolized by PPO due to surviving the toxicity of active oxygen. On the other hand, a part of molecular oxygen that cannot be operated by PPO is thought to convert to superoxide and H 2 O 2 , resulting in the accumulation of H 2 O 2 owing to the damaged ascorbate-glutathione cycle. Wheten and Sederoff (1995) and Razem and Bernards (2003) reported that cells that synthesize aromatic polymer species are subjected to a high oxidative redox status due to the oxidative coupling of polyphenolic components. Elstner (1987) demonstrated that peroxidases play an important role in the fine regulation of reactive oxygen species in cells through the activation and deactivation of H 2 O 2 . These observations strongly suggest another oxygen detoxifying pathway caused by polyphenolic components and peroxidases. Therefore, we think that both the detoxifying pathway derived from H 2 O 2 and from molecular oxygen is operating together with the lowered regeneration system of the ascorbateglutathione cycle, and these reactions result in the accumulation of brown substances in the central region.
In conclusion, the following assumption about the protective effect of sulfur application in soil on IB occurrence can be made. Sulfur application in soil strongly affects the fluctuation in enzyme activities of the ascorbate-glutathione cycle, resulting in the activation of GSHR. The increase in the H 2 O 2 decomposing capacity of the ascorbate-glutathione cycle is responsible for the decline of the H 2 O 2 scavenging pathway derived from PPO, so IB symptoms seldom occur.
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